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AN AUTOGRAPHIC DILATOMETER FOR USE WITH 
PYROPHORIC AND ALPHA-ACTIVE MATERIALS 

by 

F . L. Yaggee and J. W. Styles 

ABSTRACT 

A fused-quartz dilatometer was designed and constructed specifically 
for obtaining dilatation and phase-transformation data for plutonium-bearing 
alloys that a re potential nuclear fuels. The apparatus can be installed and 
operated within a standard plutonium glovebox without sacrificing accuracy, 
sensitivity, or reproducibility m the experimental resul t s . The dilatometer 
operates over the range from 25 to 1000°C, provides for programmed 
heating and cooling ra tes from l /2 to 200°c/min, and will accommodate 
cylindrical, tubular, or sheet specimens that are from 1/4 to 2/5 m. in 
diameter (or width) and 1/4 to 2 m. in length. Dilatation runs can be 
made in vacuum (1 x 10" mm Hg) or in an inert gas environment of argon, 
helium, or nitrogen at normal glovebox p ressu res {=:740 mm Hg). A pe r ­
manent record of the expansion versus temperature is automatically 
plotted. This equipment has a displacement (expansion) resolution of 
2 pim., an emf (temperature) resolution of 30 p,V, and an overall r ep ro ­
ducibility of ±0.1%. The dilatometer system can be calibrated with a 
Leeds and Northrup Type K-3 potentiometer. 

Among the unique features incorporated*in the apparatus design 
a re (l) a mechanical means of verifying the electronic output representing 
specimen expansion and (2) two matched electronic gaging heads for 
monitoring expansion displacement. The gaging heads may be used 
separately to monitor free expansion as a fionction of specimen temperature , 
or simultaneously to determine the expansion interaction between two d is ­
s imilar mater ia ls that are in intimate contact (coefficient of friction nearly 
unity) even when the mater ia ls exhibit widely different physical, mechanical, 
and thermal proper t ies . 

INTRODUCTION 

Reliable thermal-expansion information about nuclear fuels and fuel-
jacket alloys is imperative to the design, operation, and control of nuclear 
r eac to r s . Considerations of reactor safety demand that the fuel exhibit a 
thermal-expansion behavior that is reproducible, positive, and moderate 
in magnitude, so that continuous control of core reactivity is facilitated. 
The fuel must also not undergo a solid-state phase transformation within 





the o p e r a t i n g t e m p e r a t u r e r a n g e . Th i s l a t t e r condi t ion is n e c e s s a r y to 
avo id d i m e n s i o n a l d i s t o r t i o n of t he fuel g e o m e t r y a s a r e s u l t of 
t r a n s f o r m a t i o n - i n d u c e d v o l u m e c h a n g e s . All of t h e s e r e q u i r e m e n t s , 
wh ich qual i fy a p o t e n t i a l fuel m a t e r i a l a s w o r t h y of fu ture i n v e s t i g a t i o n , 
can be r e a d i l y c h e c k e d by i n s p e c t i o n of the ana log r e c o r d of e x p a n s i o n 
v e r s u s t e m p e r a t u r e . 

P l u t o n i u m - b e a r i n g fue l s , m e t a l l i c (U-M, U - P u - M ) * or ce rann ic 
(UX, U X - P u X ) , * * p o s s e s s the g r e a t e s t p o t e n t i a l for a p p l i c a t i o n s in f a s t 
b r e e d e r r e a c t o r s . S ince t h e s e m a t e r i a l s a r e s t r o n g l y a lpha a c t i v e , 
h ighly t o x i c , and, for m e t a l l i c fuels , d a n g e r o u s l y p y r o p h o r i c , they m u s t 
be hand led in an i n e r t a t m o s p h e r e wi th c o m p l e t e c o n t a i n m e n t at a l l t i m e s . ' " ^ 
The p r e s e n t d i l a t o m e t e r d e s i g n i s c o m p a t i b l e with the s p a c e l i m i t a t i o n s of 
a g lovebox i n s t a l l a t i o n wi thout s a c r i f i c i n g a c c u r a c y , r e s o l u t i o n , or r e p r o ­
duc ib i l i t y of t he e x p e r i m e n t a l da ta . 

The t h e r m a l - e x p a n s i o n b e h a v i o r of p o t e n t i a l f u e l - j a c k e t a l l oys 
( i . e . , a u s t e n i t i c s t a i n l e s s s t e e l o r v a n a d i u m - b a s e a l l o y s ) i s a s i m p o r t a n t 
a s tha t of t he fuels b e c a u s e it d i r e c t l y affects the t h e r m a l s t r e s s e s tha t 
a r e g e n e r a t e d in the fuel j a c k e t u n d e r n o r m a l cond i t ions of r e a c t o r 
o p e r a t i o n , and even m o r e so du r ing sudden r e a c t o r t r a n s i e n t s . D i l a t a t i on 
s p e c i m e n s of p o t e n t i a l f ue l - j a cke t a l loys m a y be in the f o r m of sol id 
c y l i n d e r s , r e c t a n g u l a r s h e e t s , or c y l i n d r i c a l t u b e s . 

T h e d i f f e r ence be tween the t h e r m a l expans ion of the fuel and the 
j a c k e t i s of s p e c i a l i m p o r t a n c e in s tudying the p h e n o m e n o n of t h e r m a l 
r a t c h e t i n g , w h i c h i s o b s e r v e d in n u c l e a r fuel e l e m e n t s u n d e r c e r t a i n 
cond i t i ons of h igh fuel b u r n u p . Th i s p h e n o m e n o n a r i s e s f r o m m e c h a n i c a l 
i n t e r a c t i o n b e t w e e n the fuel and the j a c k e t a f t e r ' i n t i m a t e p h y s i c a l con t ac t 
h a s been e s t a b l i s h e d . T h e r e a f t e r , e a c h componen t e x e r t s a s ign i f ican t 
in f luence on the expans ion b e h a v i o r of the o the r , and n e i t h e r t h i s in f luence 
n o r the o b s e r v e d r e s p o n s e of the a s s e m b l y can be i n f e r r e d , by p u r e l y 
a n a l y t i c a l m e a n s , f r o m the ind iv idua l da ta for f r e e - e x p a n s i o n c o n d i t i o n s . 
The r e s t r i c t e d - e x p a n s i o n b e h a v i o r of the fuel and j a c k e t m a t e r i a l s i s not 
g e n e r a l l y r e p r o d u c i b l e on s u c c e s s i v e hea t ing and cool ing c y c l e s b e c a u s e 
of t he p l a s t i c s t r a i n tha t o c c u r s in the c o m p o n e n t s and the s u b s e q u e n t 
change in the coeff ic ient of f r i c t i on a t the con t ac t s u r f a c e . T h i s d i l a t o m e t e r 
e m b o d i e s a c a p a b i l i t y for obta in ing r e l i a b l e e s t i m a t e s of the s t r e s s deve loped 
a t the i n t e r f a c e b e t w e e n the fuel a l loy and the j a c k e t m a t e r i a l . 

D E S C R I P T I O N OF E Q U I P M E N T 

The d i l a t o m e t e r i s shown s c h e m a t i c a l l y in F i g . 1 in a r e p r e s e n t a t i v e 
s e t u p for ob ta in ing d i l a t a t i o n da ta for a c y l i n d r i c a l s p e c i m e n u n d e r f r e e -
e x p a n s i o n c o n d i t i o n s . D i l a t a t i on r u n s a r e conduc ted in a v a c u u m e n v i r o n m e n t 

*M denotes a metallic constituent such as Mo, Zr, or Ti. 
* *v Aoni^rct a nnnmetallic constituent such as C, S, or P. 





wi th in the be l l j a r and the f u s e d - q u a r t z tube tha t con ta ins the s p e c i m e n . 
The b a s e of the a p p a r a t u s i s cooled by w a t e r to m a i n t a i n a u n i f o r m t e m p e r a ­
t u r e and to p r o t e c t the v a c u u m s e a l s . The e q u i p m e n t i n s t a l l a t i o n wi th in the 
p l u t o n i u m glovebox i s shown in F i g . 2, and the a s s o c i a t e d t e m p e r a t u r e -
p r o g r a m m i n g and d a t a - r e c o r d i n g e q u i p m e n t i s shown in F i g , 3. 

LVDT-NCAD — 
HCISHT ADJUSTMENT 
(ytCNOMETEK 9CREWI 
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Fig. 1 

Schematic of an Autographic 
Fused-quartz Dilatometer 
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51717 

Fig. 2 

Dilatometer Installation in 
a Plutonium Glovebox 

106-8617 
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Fig. 3. Temperature-programming and Autographic-readout 

Instrumentation for a Fused-quartz Dilatometer 

The q u a r t z s p e c i m e n tube is s e a l e d to a g round q u a r t z plug a t the 
b o t t o m end and f i t ted wi th a b r a s s c o l l a r at the u p p e r end. An e l a s t o m e r 
" O " r i n g (Viton A) p r o v i d e s the v a c u u m s e a l be tween the c o l l a r and the 
b a s e of the d i l a t o m e t e r . E a c h c o l l a r i s hand fi t ted to the i nd iv idua l s p e c i ­
m e n tube to obta in a v e r y c l o s e - t o l e r a n c e fit. The g l a s s - t o - m e t a l s e a l 
b e t w e e n the f r o s t e d tube s u r f a c e and the c o l l a r is u s u a l l y m a d e wi th an 
i n d i u m - t i n s o l d e r , but a h i g h - t e m p e r a t u r e wax can a l s o be u s e d . Both 
s e a l a n t s have been u s e d wi th equa l s u c c e s s , p r o v i d e d tha t a v e r y c l o s e fit 
(within 0 .0002 -0 .0005 in.) e x i s t e d be tween the c o l l a r and the s p e c i m e n t u b e . 
S p e c i m e n t ubes wi th d i a m e t r a l v a r i a t i o n s that exceed th i s t o l e r a n c e a r e 
u n s a t i s f a c t o r y . The s p e c i m e n tube is held in pos i t ion by a k n u r l e d s l o t t ed 
nu t ( see F i g s . 1 and 2), which i s s e c u r e d a f t e r the d i l a t a t i on e x p e r i m e n t 
h a s b e e n a s s e m b l e d wi th the p u s h rod and t h e r m o c o u p l e in p l a c e . Q u a r t z 
a l i g n m e n t r i n g s a r e u s e d to c e n t e r and guide the s p e c i m e n and the p u s h 
r o d . T h e s e r i n g s have a m i n i m u m con tac t a r e a wi th the w a l l s of the 





specimen tube and are polished to reduce the sliding friction. Specimens 
with diameters (or widths) from l /S to l / 2 in. are accommodated by using 
specimen tubes of appropriate size. 

The various push-rod arrangements used with this apparatus are 
i l lustrated in Fig. 4. A single push rod (a 0.12-in.-dia quartz tube) is used 

to accommodate tube or sheet 
specimens under free-expansion 
conditions. A concentric a r range­
ment of two push rods is used in 
conjunction with two linearly var i ­
able differential t ransformers 
( L V D T heads) to obtain data on the 
restr ic ted expansion of either 
component (core or jacket) in a 
simulated fuel-element assembly. 
The outer push rod is a 0.24-in.-OD 
quartz tube; the top end is s imilar 
in appearance to the bottom end 
shown in Fig. 4. The top surface 
of the flat disk is the contact area 
for the displacement sensor of one 
of the LVDT heads. All quartz 
components (specimen tube, push 
rod, and alignment rings) a re made 
of high-quality, bubble-free, fused 
quartz obtained from the same 
commercial source and traceable 
to the same production batch. 

A A 

QUARTZ PUSH ROD 

QUARTZ SPACER 

TUBE SPECIMEN 

VACUUM ENVELOPE 

QUARTZ SPACER 

QUARTZ PUSH ROD 

QUARTZ ALIGNMENT SPACER 

SHEET SPECIMEN 

QUARTZ VACUUM ENVELOPE 

SHEET SPECIMEN 

QUARTZ PUSH ROD (INNER) 

QUARTZ PUSH ROD (OUTER) 

VACUUM ENVELOPE 

SIMULATED FUEL CORE 

SIMULATED FUEL JACKET 

QUARTZ SPACER 

SIMULATED FUEL-JACKET ASSEMBLY 

Fig. 4. Push-rod Arrangements Used to 
Accommodate Dilatation Speci­
mens of Different Geometries 

F r e e expans ion of the s p e c i ­
m e n i s nnoni tored wi th the LVDT 
head , as shown s c h e m a t i c a l l y in 
F i g . 1. The a c t u a l s i z e and s h a p e 
of the LVDT head can be s e e n in 
F i g . 2. Two LVDT h e a d s a r e u s e d 
to m o n i t o r the r e l a t i v e e x p a n s i o n 

b e t w e e n the fuel a l loy and j a c k e t m a t e r i a l in a s i m u l a t e d f u e l - j a c k e t a s s e m ­
bly ( s e e F i g . 4) . E x p a n s i o n is s innu l taneous ly d i s p l a y e d on a m e c h a n i c a l 
d i a l gage tha t has a t o t a l d i s p l a c e m e n t r a n g e of 0.200 in . and a m i n i m u m 
g r a d u a t i o n of 0.0001 in. The d ia l gage is u s e d p r i m a r i l y as a check on the 
LVDT head ; both s e n s o r s should a g r e e wi th in 0.0001 in . In the event of a 
nnalf\inction in the e l e c t r o n i c m e a s u r i n g s y s t e m , the d i a l gage can be u s e d 
a s an a l t e r n a t i v e , though l e s s a c c u r a t e , d i s p l a c e m e n t i n d i c a t o r for t he 
r e m a i n d e r of the d i l a t a t i on r u n . The e l e c t r o n i c m e a s u r i n g s y s t e m (LVDT 
head and a m p l i f i e r ) p r o d u c e s an output vo l tage p r o p o r t i o n a l to the d i s p l a c e ­
m e n t , and the output i s l i n e a r ove r a 0 . 0 4 0 - i n . - d i s p l a c e m e n t r a n g e . T h i s 





output i s c o n t i n u a l l y r e c o r d e d a s the o r d i n a t e on an X-Y p l o t t e r . The two 
LVDT h e a d s a r e m o u n t e d on s e p a r a t e m i c r o m e t e r s c r e w s , wh ich p r o v i d e 
a c c u r a t e h e i g h t a d j u s t m e n t at the beg inn ing of a d i l a t a t i on r u n . The v e r t i ­
c a l l y o r i e n t e d ho l e s in t he m i c r o m e t e r s c r e w a s s e m b l y ( s ee F i g . 2) p r o v i d e 
the c o a r s e he igh t a d j u s t m e n t for the LVDT h e a d s . T h e s e ho l e s r e c e i v e 
two dowe l p in s t h a t f o r m p a r t of the LVDT mount ing b r a c k e t . The d i a l - g a g e 
a s s e m b l y , c o n s i s t i n g of t he d i a l gage and the b lock to which it i s a t t a c h e d , 
i s m o u n t e d on a 5 / 8 - i n . - d i a s t a i n l e s s s t e e l p o s t on top of a die s p r i n g tha t 
i s 1 in . in d i a m e t e r by 3 in . in l eng th . Th i s a s s e m b l y i s c o n v e r t e d in to a 
r i g i d d i s p l a c e m e n t - m e a s u r i n g s y s t e m by c o m p r e s s i n g the die s p r i n g wi th 
the d i a l - g a g e h e i g h t - a d j u s t m e n t knob . Two V l i e r s c r e w s a r e t h r e a d e d in to 
the b a c k of the d i a l - g a g e b lock and a r e s e a t e d in a v e r t i c a l g r o o v e in the 
s t a i n l e s s s t e e l moun t ing pos t to p r e v e n t r o t a t i o n of the d i a l - g a g e a s s e m b l y . 
S p a c e r s of v a r i o u s t h i c k n e s s e s a r e i n s e r t e d be tween the die s p r i n g and the 
d i a l - g a g e a s s e m b l y t o a c c o m m o d a t e s p e c i m e n s of d i f fe ren t l e n g t h s . Dif­
f e r e n t s p e c i m e n l eng ths can a l s o be a c c o m m o d a t e d by us ing s h o r t e r or 
l o n g e r p u s h r o d s . 

E i t h e r a C h r o m e l / A l u m e l or a p l a t i n u m / p l a t i n u m - 1 0% r h o d i u m 
t h e r m o c o u p l e i s u s e d to m o n i t o r the s p e c i m e n t e m p e r a t u r e . Al though the 
f o r m e r i s p r e f e r r e d , b e c a u s e of h i g h e r output vo l t age , the l a t t e r h a s a 
h i g h e r t e m p e r a t u r e r a n g e and is l e s s s u s c e p t i b l e to ox ida t ion . In bo th 
i n s t a n c e s , the s i z e of the t h e r m o c o u p l e w i r e i s s m a l l (O.OlO-in. d i a m e t e r ) 
to r e d u c e t h e r m a l conduct ion f r o m the s p e c i m e n . * The t h e r m o c o u p l e is 
i n s u l a t e d wi th h i g h - p u r i t y a l u m i n a . The t h e r m o c o u p l e output ( r e l a t i v e to 
a j u n c t i o n a t 31.4°C) i s con t inua l ly r e c o r d e d on the a b s c i s s a of the X - Y 
p l o t t e r . New t h e r m o c o u p l e s a r e u s u a l l y c h e c k e d a t the r e s p e c t i v e m e l t i n g 
po in t s of p u r e t in , l ead , z inc , a l u m i n u m , and s i l v e r . The output l e a d s f r o m 
bo th t he LVDT h e a d s and the t h e r m o c o u p l e a r e bAiught out of the v a c u u m 
e n v i r o n m e n t t h r o u g h Bendix c o n n e c t o r s and Conax s e a l s , r e s p e c t i v e l y , 
l o c a t e d in the b a s e of the a p p a r a t u s ( see F i g . 2). 

The d i l a t o m e t e r f u r n a c e is l oca ted in a we l l b e n e a t h the b a s e p l a t e 
of the g lovebox e n c l o s u r e . The f u r n a c e i s 4 in. in d i a m e t e r and 12 in . in 
l eng th , and o p e r a t e s in the s a m e n i t r o g e n e n v i r o n m e n t as the r e s t of the 
g lovebox s y s t e m . A r e m o v a b l e w a t e r - c o o l e d s h e l l s u r r o u n d s the f u r n a c e 
to r e d u c e the a m o u n t of h e a t d i s s i p a t e d to t he w e l l e n c l o s u r e . The f u r n a c e 
c o r e is n o n i n d u c t i v e l y wound on a r e c r y s t a l l i z e d a l u m i n a tube of l- |--in. OD 
(1 - in . ID) and 12 - in . l eng th wi th 2 0 - g a g e Kan tha l A w i r e . The 9 . 5 - i n . - l o n g 
wind ing i s wound wi th 8.8 t u r n s / i n . ove r a d i s t a n c e of 1 in . f r o m e i t h e r end 
and 5.5 t u r n s / i n . o v e r the r e m a i n i n g 7 .5 - in . l eng th . R e f r a c t o r y c e m e n t i s 
u s e d to c o v e r the w i n d i n g s . The c o r e is m o u n t e d in a l a r g e r r e c r y s t a l l i z e d -
a l u m i n a tube (2- i^- in. OD, l ^ - i n . ID, and 12 in . long) to p r o v i d e a l / S - i n . 
a n n u l u s (dead s p a c e ) b e t w e e n the winding and the l a r g e r t u b e . T h i s s p a c i n g 
i s a c h i e v e d by m e a n s of m a c h i n e d g r o o v e s in the l ava end p l a t e s of t he 

*The thermocouple legs are spot-welded to opposite sides of the specimen. 
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furnace assembly. The uniform tempera ture zone within the furnace core 
is determined by the positions of two ser ra ted cylindrical heat-reflecting 
shields (0.01 5-in.-thick platinum) that fit snugly around the outer alumina 
tube. The shields a re oriented with the serrat ions pointing toward the 
center of the furnace winding, and are positioned by t r ia l and e r ro r to 
achieve the most uniform temperature profile. Another dead space is 
provided between the platinum shields and the stainless steel outer shell 
of the furnace. 

OPERATION OF EQUIPMENT 

The specimen, push rod, thermocouple, and necessary alignment 
rings a re assembled within the specimen tube with the latter removed from 
the apparatus . The dial-gage assembly must be rotated 90° to either side 
of its normal position (see Fig. 2) to provide the necessary clearance for 
removal and reinsert ion of the specimen tube. After the specimen tube has 
been secured in position with the slotted nut, the dial-gage assembly is 
returned to its normal position. Spacers are then inserted, as needed, 
between the die spring and the dial-gage assembly to accommodate the 
specimen length without changing the push-rod length. The die spring is 
compressed with the dial-gage height-adjustment nut, and the Vlier screws 
are set in place, as described. An arb i t ra ry initial dial-gage reading 
(usually between 0.010 and 0.020 in.) is used as the dial-gage reference. 

The LVDT head is mounted on the vertical, micrometer screw 
assembly, as previously described, with the sensor extended, as shown in 
Fig. 2. The sensor is moved downward about its pivot point until the sensor 
tip makes contact with the flat button-head surface^that is part of the dial 
indicator. A friction clutch at the pivot point permits the sensor to be 
rotated through 180° and used in any position within this a r c . Temperature 
variations in the vicinity of the LVDT head will not result in displacement 
e r r o r when the head is used in the position shown in Fig. 2. After selecting 
the measur ing range to be used in the dilatation run, final adjustment of the 
LVDT head is made with the micrometer adjustment screw. The proper 
measuring range selected is just greater than the anticipated expansion. 
The amplifier output is observed on the cen te r -zero taut-band meter shown 
in the circuit in Fig. 5 when making the final LVDT head adjustment. A full 
meter displacement to the left of center indicates the beginning of the linear 
measuring range for any range. The apparatus is then evacuated, the 
amplifier output switched to the X-Y plotter, and the temperature p rogram­
mer turned on to begin the dilatation run. 

The specimen heating rate is controlled by means of a cam-type tem­
pera ture p rog rammer by using 12-in.-dia cams. These cams are accurately 
machined from either sheet metal or Lucite, and provide heating rates 
between 1/2 to 200°C/min. For specimens with very low thermal conductivity. 
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the cam programmer is interrupted at temperatures between 25 and 100°C, 
and the specimen is allowed to equilibrate thermally for 30-40 min at each 
temjjerature step. Above 100°C a programmed heating and cooling rate of 
1/2°C or la rger is used, depending upon the specimen mater ia l . A seven-
day t imer is used to shut off the furnace power at the conclusion of a single 
run or se r ies of runs, as desired. 
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Fig. 5. Block Diagram of the Electronic Displacement-measuring System 

The b a s i c s e tup for mak ing a d i l a t a t ion rtm with a s i m u l a t e d j a c k e t e d 
fuel a s s e m b l y i s s i m i l a r to that d e s c r i b e d for obtaining f r e e - e x p a n s i o n d a t a , 
e x c e p t tha t two LVDT h e a d s a r e u s e d in conjunct ion with the c o n c e n t r i c 
p u s h - r o d a r r a n g e m e n t shown in F i g . 4 . To obtain da ta on the r e s t r i c t e d 
e x p a n s i o n b e h a v i o r of e i t h e r the c o r e or the j a c k e t , the a p p r o p r i a t e LVDT 
head i s g iven a p o s i t i v e p o l a r i t y by m e a n s of a swi tch at the a m p l i f i e r , and 
the s e c o n d head i s swi t ched out of the c i r c u i t . 

To ob ta in da ta about the r e l a t i v e expans ion of the c o m p o n e n t s of the 
j a c k e t e d a s s e m b l y , both LVDT h e a d s m u s t be u s e d wi th oppos i t e p o l a r i t i e s . 
The LVDT head m o n i t o r i n g the componen t tha t exh ib i t s the h ighe r e x p a n ­
s i v i t y (usua l ly the r e a c t o r fuel) i s a s s i g n e d a p o s i t i v e p o l a r i t y , and the 
s e c o n d LVDT head a n e g a t i v e p o l a r i t y . The r e s u l t i n g p o s i t i v e a m p l i f i e r 
output r e p r e s e n t s the d i f f e r ence in expans ion be tween the c o r e and j a c k e t , 
a s a f fec ted by e a c h o t h e r . The ana log c u r v e tha t i s p r o d u c e d r e p r e s e n t s 
the d i f f e r ence in e x p a n s i o n as a function of t e m p e r a t u r e . 
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CALIBRATION 

The electronic displacement-measuring system is shown schemati­
cally in Fig. 5. The system consists of the LVDT heads, an electronic 
amplifier with eight different ranges that correspond to expansions of 
from 0.0004 to 0.080 in. (±0.0002 - ±0.040 in., respectively) at maximum 
amplifier output, and an X-Y plotter for recording the expansion versus 
tempera ture relationship during the dilatation run. Dilatometer cali­
bration involves the verification of the accuracy, linearity, and r ep ro ­
ducibility of this electronic measuring system for known physical 
d isplacements . This calibration is performed in three separate steps, 
namely, separate calibration checks of both the X-Y plotter and the 
amplifier, and a check of the electronic system as a whole. The entire 
calibration can be done with a K-3 potentiometer. 

The K-3 potentiometer is used as a standard voltage source in 
checking the response of the X-Y plotter. A ser ies of precise voltage 
levels is applied to the X- and Y-axis inputs both independently and 
together. The calibration is made over the entire range (in both increasing 
and decreasing directions) on the sensitivity scale that will be used for the 
measurement s . Deviations from proper plotter response a re corrected 
in accordance with the manufacturer 's instructions. 

The procedure for amplifier calibration consists of measuring the 
amplifier output voltage for known displacements of the LVDT head. In the 
calibration, the K-3 potentiometer is used as a precision voltmeter. A 
voltage divider (see Fig. 6) is required to reduce the amplifier output 

PRECISION VOLTAGE DIVIDER 

VOLTAGE 
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( 3 % OF INPUT! 

Ri - I.I MEG D. PRECISION TOL I % 

Ra - 32 K l l PRECISION TOL. I % 

Rj - 5 K i i TEN TURN PRECISION POTENTIOMETER 

RESISTANCE TOL. 3 % 

LINEARITY TOL. .05 % 

J, "I 
VOFFSET BANANA JACKS - SHORTING PLUG REMOVED 

Ji -J 
TO ISOLATE AMPLIFIER OUTPUT FROM 

DIVIDER NETWORK, 

J3 - BANANA JACKS FOR READOUT OF REDUCED AMPL. OUTPUT. 

51718 

Fii>. 6. Precision Voltage Divider for Calibration of the Fused-quartz Dilatometer 





v o l t a g e (±50 V m a x ) to the r a n g e of the K - 3 p o t e n t i o m e t e r (1.5 V m a x ) . The 
v o l t a g e d i v i d e r i s ad ju s t ed by m e a n s of the p r e c i s i o n p o t e n t i o m e t e r R3 to 
y i e l d 3.0% of the input v o l t a g e . The LVDT head is d i s p l a c e d by known 
e q u a l i n c r e m e n t s on e i t h e r s ide of the midpo in t of the l i n e a r m e a s u r i n g 
r a n g e , and the a m p l i f i e r output ( r e d u c e d by the d i v i d e r ) i s r e c o r d e d . The 
d i s p l a c e m e n t s t a n d a r d i s a c a l i b r a t i n g f ix tu re equipped with a d i f f e r e n t i a l 
m i c r o m e t e r s c r e w tha t h a s a t o t a l t r a v e l of 0.050 in . and a r e a d a b i l i t y of 
0 .000005 in . T h e c a l i b r a t i o n p r o c e d u r e is r e p e a t e d a m i n i m u m of two 
t i m e s for i n c r e a s i n g and d e c r e a s i n g d i s p l a c e m e n t s on e a c h of two a m p l i f i e r 
r a n g e s . T h e f i r s t c a l i b r a t i o n run i s m a d e on the r a n g e j u s t l ower (high 
m a g n i f i c a t i o n ) than t h a t t o be u s e d in the d i l a t a t i on run , and i t i s r e p e a t e d 
on the a c t u a l r a n g e t o be u s e d . The p o s i t i v e p o l a r i t y of the v o l t a g e - d i v i d e r 
output i s m a i n t a i n e d d u r i n g the c a l i b r a t i o n p r o c e d u r e by imeans of the 
p o l a r i t y s w i t c h on the K - 3 p o t e n t i o m e t e r . An i n a c c u r a t e r e s p o n s e is 
c o r r e c t e d by r e p e a t e d a d j u s t m e n t of two m u l t i t u r n p r e c i s i o n r e s i s t o r s 
l o c a t e d in the a m p l i f i e r c i r c u i t . 

T h e f ina l c a l i b r a t i o n c h e c k is m a d e on the LVDT head , a m p l i f i e r , 
and X - Y p l o t t e r , a s a s y s t e m , by o b s e r v i n g the pen r e s p o n s e for known 
d i s p l a c e m e n t s of the s e n s o r a r m of the LVDT h e a d . 

S ince the two LVDT h e a d s a r e m a t c h e d , the s a m e a m p l i f i e r c a l i b r a ­
t ion shou ld be a p p l i c a b l e to both . Th i s i s e a s i l y checked by p lac ing both 
LVDT h e a d s in the c a l i b r a t i o n f ix tu re and r e p e a t i n g the c a l i b r a t i o n p r o ­
c e d u r e wi th the p o l a r i t y s w i t c h for one head p l a c e d in the p o s i t i v e pos i t i on 
a n d the o t h e r in t he n e g a t i v e p o s i t i o n . Under t h e s e cond i t ions the a m p l i f i e r 
output shou ld b e z e r o for a l l d i s p l a c e m e n t s of the d i f f e r en t i a l m i c r o m e t e r 
s p i n d l e . 

R E S U L T S 

E x p e r i m e n t a l d i l a t a t i on da ta for A r m c o i r o n , 6 3 . 3 U - 2 2 . 2 P u - 1 4 . 5 Z r * 
(a p o t e n t i a l fuel a l l oy ) , V - 2 0 T i , and AISI Type 316 s t a i n l e s s s t e e l a t t e m ­
p e r a t u r e s up t o 950°C a r e u s e d to d e m o n s t r a t e the c a p a b i l i t i e s of t h i s 
d i l a t o m e t e r . Both the A r m c o i r o n and the U - P u - Z r a l loy exhibi t s o l i d -
s t a t e p h a s e t r a n s f o r m a t i o n s (be tween 900-910°C and 598-660°C, r e s p e c t i v e l y ) . 
T h e s e two m a t e r i a l s a r e u s e d to i l l u s t r a t e t he f o r m in which the e x p e r i ­
m e n t a l d i l a t a t i o n da t a a r e ob ta ined and the r e s p o n s e of the d i l a t o m e t e r to 
p h a s e t r a n s f o r m a t i o n s . The V - 2 0 T i a l loy and the Type 316 s t a i n l e s s s t e e l 
a r e u s e d to d e m o n s t r a t e the p h e n o m e n o n of r e s t r i c t e d expans ion exh ib i t ed 
b y two d i s s i m i l a r m e t a l s when they a r e t h e r m a l l y cyc led whi le in i n t i m a t e 
c o n t a c t . T a b l e I l i s t s t he da ta for the l i n e a r expans ion of the four m a t e r i a l s 
u n d e r f r e e - e x p a n s i o n c o n d i t i o n s . The o v e r a l l a c c u r a c y of the d i l a t a t i on 
r e s u l t s i s wi th in ±2%. 

•Alloy compositions given in weight percent. 





TABLE I. Linear T h e r m a l Expansion of Selected Metals and Alloys 

Composi t ion 
of 

Mate r i a l* 

1 + AT + BT^ 

V-20Ti 

"o-c 
A, 10 B. 10" 

Armco Iron 13.1 
(alpha phase) 

63 .3U-22 .2Pu-14 .5Zr 10.4 

2.51 

8.78 1.87 

316 SS 16.4 1.6 

Temperature 
Range, 

°C 

0-200 
0-400 
0-600 
0-800 
0-900 

0-200 
0-400 
0-500 
0-598 

0-200 
0-400 
0-600 
0-800 
0-960 

0-200 
0-400 
0-600 
0-800 
0-960 

Mean 
Expansion 

Coefficient, 
I0"V»C 

13.60 
14.10 
14.60 
15.10 
15.35 

12.96 
15.52 
15.80 
18.02 

9.15 
9.52 
9.90 

10.27 
10.65 

16.72 
17.04 
17.36 
17.68 
18.00 

Expansion, 

% 
0.27 
0.56 
0.87 
1.20 
1.38 

0.25 
0.62 
0.84 
1.07 

0.18 
0.38 
0.59 
0.82 
1.06 

0.33 
0.68 
1.04 
1.41 
1.80 

^Compositions in weight percent. 

The c u r v e of e x p a n s i o n v e r s u s t e m p e r a t u r e for A r m c o i ron is shown 
in F i g . 7. E x p a n s i o n is p lo t ted as the o r d i n a t e in vol ts of a m p l i f i e r output; 
t e m p e r a t u r e is p lo t t ed on the a b s c i s s a in nnil l ivolts of t h e r m o c o u p l e output . 
The t h e r m o c o u p l e is p l a t i n u m / p l a t i n u m - 1 0 % rhodi iyn . On slow hea t ing the 

MAT^ ARMCO IRON 

RUN^ 2 

RANGE ^ t l O MILS 

Y-AXIS 0 0 0 2 I N . / I N 

X-AXIS I M V / 1.5 IN 

HEATING RATE 1/2 ° C / 

TC. P T - P T - 10 '/. RM 

VAC > 4 x l O ' * M M - M G 

Lzs'c 0 9996 IN. 

TEMPERATURE, MV 

106-9834 
Fig. 7. Typical Analog Record of Expansion versus Temperature for Armco Iron 
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Q̂ -'Y transformation in Armco iron occurs at 910°C, whereas on slow cooling 
the v-»a transformation occurs at 902°C.' The hysteresis in the t ransforma­
tion of Armco iron is i l lustrated in Fig. 7; the a-*Y transformation on heating 
occurs at 8.366 mV. The decrease in specimen length accompanying the 

Q?-»Y transformation was 0.3%. Fig­
ure 7 also shows that, on cooling, the 
contraction curve of the alpha iron 
re t races its expansion curve. 

The 63.3U-22.2Pu-14.5Zr alloy 
exhibits two solid-state t ransforma­
tions between 25 and 950°C, as shown 
in Fig. 8. The first occurs at 595°C 
and is accompanied by a 0.06% in­
crease in specimen length; the second 
occurs at 660°C, with a 0.34% increase 
in length. The total increase in speci­
men length on heating from 595 to 
660°C is 0.52%. Above 660°C the 
fractional expansion of this alloy is 
given by 

I TUMSFOKkUTION ' 

aL= 0.34% 

P-ll1 nUNinWMATION 

aL= 006% . 

fiL(%)=[(|^')-0lOO 

L 
300 400 500 600 700 

TEMPERATURE. "C 
800 900 1000 

L660°C 

106-9826 Rev. 1 
Fig. 8. Thermal-expansion Curve for the Potential 

Nuclear Fuel Alloy 63.3U-22.2Pu-14.6Zr 
(composition in weight percent) 

0.9871 + 1.941 X 10"5 T, 

(1) 

w h e r e t e m p e r a t u r e T is in d e g r e e s 
c e n t i g r a d e . 

E x a m p l e s of the r e s t r i c t e d - e x p a n s i o n b e h a v i o r that m a y a c c o m p a n y 
the t h e r m a l r a t c h e t i n g p h e n o m e n o n a r e given in F i g s . 9 -12 . T h e s e da ta 
w e r e ob ta ined for an a s s e m b l y c o n s i s t i n g of a V - 2 0 T i tube tha t had b e e n 
s h r u n k onto a Type 316 s t a i n l e s s s t e e l c o r e . This a s s e m b l y r e p r e s e n t s 
an a t t e m p t to s i m u l a t e a fuel e l e m e n t in which the fuel a l loy has p h y s i c a l l y 
c o n t a c t e d the j a c k e t . Type 316 s t a i n l e s s s t e e l was chosen a s the c o r e 
m a t e r i a l b e c a u s e i t s expans iv i ty i s s i m i l a r to tha t of the U - P u - Z r a l loy 
( s e e T a b l e I). The V - 2 0 T i a l loy exhib i t s a t h e r m a l expans iv i ty r e p r e s e n t a ­
t i v e of the V - T i - C r alloys'* c u r r e n t l y u n d e r c o n s i d e r a t i o n as po t en t i a l j a c k e t 
m a t e r i a l s for fas t b r e e d e r r e a c t o r a p p l i c a t i o n s . The V - 2 0 T i j a c k e t of the 
s i m u l a t e d a s s e m b l y i s in i t i a l ly a p p r o x i m a t e l y 0.010 in. longer than the c o r e . 

F i g u r e s 9-12 i l l u s t r a t e the r e s t r i c t e d - e x p a n s i o n b e h a v i o r of the c o r e , 
t he j a c k e t , the j a c k e t e d a s s e m b l y a f te r a few t h e r m a l c y c l e s , and the j a c k e t e d 
a s s e m b l y a f t e r n u m e r o u s t h e r m a l c y c l e s , r e s p e c t i v e l y . C u r v e I in F i g . 9 
r e p r e s e n t s the f r ee e x p a n s i o n of Type 316 s t a i n l e s s s t e e l , and c u r v e II 
r e p r e s e n t s the a l g e b r a i c d i f f e rence in expans ion be tween the V - 2 0 T i j a c k e t 
and t he c o r e , a s c a l c u l a t e d f r o m f r e e - e x p a n s i o n da ta for the two m a t e r i a l s . 
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Fig. 9. 

Linear Thermal Expansion of a Type 316 Stainless 
Steel Core as Influenced by a V-20Ti Jacket in a 
Simulated Fuel-element Assembly. 

49963 

Fig. 10 
Linear Thermal Expansion of a V-20Ti Jacket as 
Influenced by a Type 316 Stainless Steel Core in a 
Simulated Fuel-element Assembly. 
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Expansion Behavior of a Simulated Fuel-element 
Assembly after Six Thermal Cycles between 25 
and 950°C. 
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Fig. 12 

Expansion Behavior of a Simulated Fuel-element 
Assembly after Numerous Thermal Cycles between 
25 and 950°C. 
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Curve III represents the experimentally determined expansion behavior of 
the stainless s teel core under the res t r ic t ive influence of the surrounding 
jacket. The differences between the free- and restr icted-expansion 
curves (I and III), for Type 316 stainless steel in Fig. 9, are the result of 
changes in the coefficient of friction between the core and the jacket and 
subsequent displacement between these two components. The res t r ic t ive 
influence of the stainless steel core on the V-20Ti jacket is i l lustrated by 
curve III in Fig. 10. The positive expansion that remains at the conclusion 
of the the rmal cycle represents a net plastic s t rain in the V-20Ti jacket. 
Curve m in Fig. 11 represents the experimentally determined difference 
in expansion between the stainless steel core and the V-20Ti jacket. This 
curve was obtained on the sixth thermal cycle between 25 and 950°C. The 
expansion curve for the assembly shows marked changes in subsequent 
the rma l cycles, as i l lustrated in Fig. 12. The general shape of the curve 
obviously is not reproducible in successive thermal cycles, and the number 
of inflections inc reases . At the conclusion of the sixteenth thermal cycle 
between 25 and 950°C, the V-20Ti jacket had increased in length by 0.014 in. 
and in diameter by 0.0018 in., as a result of plastic strain. The stainless 
s teel core was no longer in intimate contact with the jacket. 

SUMMARY 

The dilatometer design presented is uniquely suited for use with 
pyrophoric and alpha-active mater ia ls within a glovebox system without 
sacrificing accuracy, sensitivity, or reproducibility in the experimental 
r e su l t s . It will accommodate cylindrical, tubular, or sheet specimens 
that vary from 1/4 to 2/5 in. in diameter or width and 1/4 to 2 in. in length. 
This equipment can be used to determine the expansion behavior of fuels 
and cladding mater ia l s (AL versus temperature) , to detect the presence of 
sol id-s tate t ransformations and to determine the magnitude of the length 
change associated with each such transformation, and to determine the 
res t r i c ted expansion behavior of a two-component system consisting of 
two d iss imi lar metals in intimate physical contact. In the latter appli­
cation, information can be obtained on the res t r ic ted expansion behavior 
of either component or the entire assembly. Such information is indispen­
sable to the study of the thermal ratcheting phenomena that are often 
observed in reactor fuel elements at high fuel burnups. 
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